
.Ipn..1. Appl. Phys. Vol. 33 (1994) pp. 869-872

Part i, N¢_. 1B, .lanuary 1994

Very Long Wavelength Intersubband Infrared Hot Electron Transistor

Sarath D. GUNAPALA, John K. LIU, True L. LIN and JAn S. PARK

Ccnh r f_r Space Micro_'lcctronic,_ Technology, Jet Propulsion Laboratory, California ht_titute of Tcch_lology,
Pasadena. CA 91091, U.S.A.

(Receiw'd September 17, 1993; accepted for publication November 20, 1993)

We have deinonstrated the first very long wavelength (16 tim) infrared hot electron transistor (IHET). This

device utilizes a bound to continuum OaAs/A1, Ga_-_ As (x =0.11) quantum well infrared photodetector (QWIP)
as a photosensitive emitter, a wide quantum well as a base, and a thick AI_ Oal-, As (x =0.11) barrier between the
base and the collector as an energy discriminating filter. This energy filter blocks the lower energy tunneled elec-
trons, which drain through the base while higher energy photo electrons pass to the collector. Therefore, the de-
te(:tivity of the device at the collector is much higher than the detectivity at the emitter.
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1. Introduction

Very long wavelength infrared (IR) detectors and im-

aging systems are required in many space applications
such as the atmospheric IR sounder (AIRS) and the

tropospheric emission spectrometer (TES) instru-
inents which will be used in NASA's earth observation

system (EOS). The wavelength of the IR radiation re-

quired in these applications range from 3.7 to 15.4 #m.

These space applications have placed stringent require-
ments on the performance of the IR detectors and ar-

rays including high detectivity, low dark current,

uniformity and radiation hardness. This paper will
present the study and development of a low dark cur-

rent very long wavelength intersubband IR hot elec-
tron transistor (IHET).

There has been a lot of interest recently in the detec-
tion of very long wavelength (A =12-16 #m) infrared

radiation using multiple quantum wells, due to the fact

that these quantum well IR photodetectors xqa)

(QWIPs) and IHETs 8'_4-161can be fabricated using the

mature III-V materials growth and processing technol-

ogies. This superior materials control results in high

uniformity and thus allows fabrication of large staring
arrays (A----8-12#m) with excellent imaging perfor-

mance.t7qg) One of the problems associated with the

very long wavelength QWIPs is the higher dark current

which adversely affects detector performance. By
analyzing the dark current of shallow quantum wells we

have realized that the total tunneling current (sequen-

tial tunneling+thermionic assisted tunneling) is sig-
nificantly higher than the thermionic dark current (Fig.

1). The conduction electrons carrying these two

tunneling current components are lower in energy than
the photoelectrons, s) Therefore, a 16tim GaAs/

AI, Ga,.-,As IHET which can effectively filter out se-

quential tunneling and thermionic assisted tunneling
currents was fabricated.

2. Dark Current

In this section the dark current of a single quantum

well, which has intersubband absorption peak at 16 tim
will be analyzed. First effective number of elec-

trons_L.20) n(V) which are thermally excited into the con-

tinumn transport states, as a function of bias voltage V

were calculated.

m _

The first factor containing the effective mass m*

represents the average three dimensional density of

states. Where Lp is the superlattiee period, f(E) is the
Fermi factor f(E)=[l+exp (E--Eo--ED/KTI -_, Eo is

the bound state energy, EF is the two-dimensional

Fermi energy, E is the energy of the electron, and
T(E, V) is the tunneling current transmission factor.

This tunneling transmission factor obtained by ap-

plying WKB approximation to a biased quantum well
is:

T( E) =(4 xFE_)/Vo)e -2"

where r = (2L v"2m-_/3hA V)( Vo--E )a/2, V0 is the barrier

height, ZI V is the bias voltage per superlattice period,

and L is the barrier width. The number of electrons,
given by n(V) accounts for thermionic emission above

the barrier height when E> V0 and thermionic assisted
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Fig. 1. Theoretical and experimental (solid) dark current-voltage

curves at T=60 K. Dotted curw_ shows the dark current (theoreti-

cal) due to thermionic emission only. Dashed curve shows the total

dark current (thermionic + tunneling + thermionic assisted) versus

bias voltage.
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tunneling and tunneling when E< V,. Then the bias-de-
pendent dark current Ia(V) was calculated, using Ia(V)

=eAT_(V)v(V), tvh.ere v(V)is the average transport ve-

locity, A is the device area, and c is the electronic

charge. The average transport velocity was calculated

using v(V)=#F[ 1 +(#F/v_) 2]-1/2 where p is the mobili-

ty, F is tile electric field, and v_ is the saturated drift ve-

locity. In order to obtain T=60 K bias-dependent dark
current _=1200 cm2/Vs, and v_=5.5 x 106 cm/s was

used. Figure 1 shows the T=60 K clark current due to
thermionic emission, total dark current (ther-
mionic+thermionic assisted tunneling+tunneling),

and experimental clark current of a QWIP sample

which has wavelength cutoff A,.=17.81Lm. According
to the calculations tunneling through the barriers

dominate the dark current at temperatures below 30 K,

at temperatures between 40-60 K thermionic assisted

tunneling might becolne important, and at tempera-
tures above 60 K therinionic emission into the continu-

um transport states dominate the dark current.

3. Experiment

As shown in Fig. 2 the device structure consisted of a

Inulti-quantum well region of 51) periods of 500/_- un-

doped AI(_uGa0.s, As barrier and 65 A (loped GaAs well.
The quantum wells were doped to n=5 x 1017 cnl a,

and sandwiched between a heavily dol)ed (n=l x 10 _s

cm 3) 1 Ftm GaAs contact layer at the bottom as the
emitter contact and a doped (7_=3 × 10 _7cm -a) 500/_

GaAs layer on the top as the base contact. On top of the
base a 2000 _ undoped A10.uGa, s, As layer and a doped

(n=3 x 10 '7 cm -:_) 0.5 #m GaAs layer were grown. The

2000/_ undoped Al0.uGa0 agAs As lay(_r acted as a dis-
criminator between the tunnel-electrons and photo-

electrons, and the top 0.5 #m GaAs layer served as the
collector. This device structure was grown on a semi-in-

sulating GaAs substrate using molecular beam epitaxy.
The inset of the Fig. 2 shows the diagram of the device.

QWIP operation can be obtained t)etween the emitter
and the base and all the terminals (three) are required

Fig. 2. Conduction-band diagram of a infrared hot electron transis-

tor, which utilizes bound to continuum int_rsubband transition.

The inset, shows the diagram of IHFT.
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for the IHET operation. The IHET currents were meas-
ured at the collector (low energy tunneled electrons

drain through the base).

The intersubband absorption was measured on a 45 °

polished multipass waveguide2_l as shown in the inset of

Fig. 3. As si_own in the Fig. 3 the T=300 K absorption
coefficient spectra O_phas a peak infrared absorption

coefficient a,=534 cm -1 at Ap=17.1 #m with absorp-
tion half heights at 14.2 and 18 #m (i.e., a full width at

half maximmn of AA =3.8 Ira0. At low temperature the

half width narrows and the peak absorption coefficient

increases 22'2a_by a factor of 1.3 so that ch,=694 cm _at

T=60 K correst)oIlding to an unpolarized quantum

efficiency 'q =(1 -e -2_z)/2 = 16.5%.

To facilitate the application of bias to the quantum

well structure, the following processing steps were car-
ried out. First arrays of 200 × 200 Itm 2square collectors

were chemically etched. In the next processing step the

6.25 x 10 4 cm e QWIP mesas which overlap with collec-
tor mesas were etched (inset of Fig. 2). Finally, Au/Ge

ohmic contacts were evaporated onto the emitter, base
and collector contact layers. The emitter and collector

dark currents versus base-collector bias voltage are

shown in Fig. 4. This figure also shows the lower

energy dark current filtration capability of the quan-
tum filter. The dark current transfer ratio (c_a_k =

Ic,,H........(a,,_k}/lK,,itt,,_(a,_k))is 7.2 X 10 Sat operating base-col-

lector bias w)ltage VCB= --42 mV.

These 200 x 200 #m a square detectors were back il-

luminated through a 45 ° polished facet as described in

detail previously 11and responsivity spectra were meas-
ured with a tunabh_ source consisting of a 1000 K black-
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Fig. 3. AbsorptJon coefficient spectra a(A) of the long wavelength

quantum well infrared detector. The solid line shows the absorp-

tion (:oeffh'ient at T=300 K and the dashed line shows the absorp-

tion curv_, at T-60 K. This absorption spectra was measured at

room t.emp(_rature using a 45 ° multipa,ss waveguidc geometry as

shown ill t}l_! inset
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]:ig. 4. ItlET emitter and collector dark currents versus base-col-

lect_)r voltage at, T=6O K. Emitter bias was kept at 1 V relative

t_) the base potential. This figure also shows the lower energy dark

curr(mt filtration capability of the quantum filter.

body and a grating monochromator. The emitter and
collector responsivity spectrum measured at T=60 K

is shown in Fig. 5. The values of the peak wavelength

Ap, cutoff wavelength A¢ and the spectral width (AA/A)

(full width at half maximum) are 16.3 #m, 17.3 #m and

20% respectively. The absolute responsivity was meas-

tired by two different methods, comparison with

calibrated pyroelectric detector and, using a calibrated
blackbody source. The peak responsivity Rp of the de-

tector was 400 mA/W, while the peak responsivity and

the shape of the spectra were independent of the meas-

uring technique as expected. Fig. 6 shows the IHET
emitter and collector photo currents versus base-collec-

tor voltage at T=60 K. The emitter was kept at - 1 V
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Fig. 6. IHET emitter and collector photo currents Vs base-collec-

tor voltage at T=60 K. Emitter was kept at -1 V bias relative to

the base potential.

bias relative to the base potential. Due to the hot elec-

tron relaxation in the wide base region, the photo cur-
rent at collector is smaller relative to the emitter photo

current. Photo current transfer ratio (aphoto=

Icollector(photo)/lEmitter(photo)) is 1.2 x 10 -_ at VcB = --42 mV.

It is worth noticing that Oldark is more than three orders

of magnitude smaller than O_photo.This clearly indicates

that the dark current of IHET is four orders of magni-
tude smaller than the dark current of QWIP while the

photo current is reduced by an order of magnitude

only. This four orders of magnitude reduction in dark

current reduces the noise current by two orders of mag-
nitude (and hence higher detectivity).

4. Results

The optical gain g of the detector determined from

R=(e/hu)rlg is given by g=0.2. The noise current 24) in
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Fig, 5. The emitter (QWIP) and collector (IHET) responsivity spec-

trums at T=60 K. Emitter was kept at 1 V bias relative to the

base ;tn(t collector.

IN
i--

>_

UJ

El

1E+12

1E+12

1E+10

1E+09

I I I

VEB = -1 V

_-''''''%%%% _,, _VcB=42mV _

%
%

_ IHET "_',,., ,.. _

..... QWIP

1E+08 I I I I
20 30 40 50 60 70

TEMPERATURE (K)

Fig. 7. Peak detectivity of QWIP and IHET having a cut-off

wavelength of = 17.3 #m as a function of temperature T.
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was calculated using in = _*ff4f'Idg--V', where Af is tile ban-

dwidth. The calculated noise (!urrent of tile detector is

i,, = 17 pA at 7'=60 K. Tile peak D* can now be calculat-

ed from D*=R4_f/i,, The calculated D* between

the emitter and the base (Q\VIP) at V_:,=-I V,

V(:f_ = -42 mV and 7' 60 K is ,5.8 x I(F cnl_/Hz/\'_ 'r.

The deteetivity D* at the collector (1HET) is deter-

mined _') from D*(IHET)=(%h,,,,,/v'_i,ii_:)D* (QWIP)is

given by D* (IHET) 8.2 x lff' c'm _"Hz/W at T=60 K.

As shown in Fig. 7 detectivity D* increases dramatical-

ly with decreasing temperature reaching D *=1 x 1() 12

cm v/-_/\¥ at T = 25 K and is even lar_er at lower tem-

peratures. In contrast, detectivity D* of ttgCdTe detec-

tors are about 1 × 1() LI cm v'_/\V at T 60 K at similar

waveleilgths and (l()es not i|l('reasc a.s the tellll)era.ture

is lowered.

5. Conclusion

In conchtsion, we have demonstrated the first very

long wavelength (A,,=17.3/tm) IHET. This device

clearly shows the dark current filt.rati(m capability of

the energy filter. Therefore, the D* of IHET is much

higher than the D* of two terminal multi qllaIlt.Illll well

detector.
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